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ABSTRACT 
Single crystals of structure II (sII) and structure I (SI) hydrates were grovm in aqueous tetrahydrofuran 
(THF) and ethylene oxide (EO) solutions. Normal growth habits from the melt are { 1 11 ) crystallographic 
planes for sn, and (1 IO) for SI. Addition of polymeric inhibitors in very small amounts changed the growth 
habit of sII to thin, 2-dimensional hexagonal { 11 1 } plates, and caused rapid small-scale branclung of SI 
crystals. The highly branched SI crystals were found to still be single crystals. Higher concentrations of 
inhibitor were found to stop the growth of sII crystals compldely. These concentrations were as low as 0.1 
wt% at low supercooling. The minimum concentration needed to stop growth changed with temperature, 
polymer characteristics and solution agitation. Experiments showed the polymer adsorption to be 
practically irreversible, and an inhibition hypothesis was developed. 

INTRODUCTION 
Natural gas hydrates are of great interest from several different viewpoints. Historically, hydrates 

have been studied as a nuisance causing problems in the oil and gas industry ( h g l e m s ,  1993). Over the 
previous decade another motivation for study has been their role as deposits of immfnse energy resources in 
subsea sediments and subterranean permafrost (Kvenvoldeq 1994). Just r d y ,  the exnomics of using 
hydrates as a suitable storage and transport medium for natural gas have been addressed anew 
(Gudmundsson and B$rrehaug, 1996). A comprehensive overview ofhydrates is given by Sloan (1990). 

This work uses model systems as an analogue to natural gas hydrates. To arcumvent the need for 
high pressures or very low temperatures, tetrahydrofuran (THF) and ethylene oxide (EO) aqueous solutions 
are used to form structure Il (sn) and structure I (SI) hydrates, respedively. THF and water mixed at the 
stoichiometric ratio for hydrates (17 water molecules per THF molecule) has a hydrate equilibrium melbng 
point of about 4.4'C at 1 atm. pressure. For ethylene oxide at stoichiometry (23 water molecules per 3 EO 
molecules) the equilibrium melting temperature is about 11°C. In natural gas applications, sJl is the 
predominant stfubure. 

Over the past 50 years, the thermodynamics of hydrate have been studied extensively, to the point 
where commercially available simulation codes can predict equilibrium conditions with an accuracy good 
enough for most practical purposes. The kinetics of hydrate growth have not reached nearly the same level 
of resolution. Several groundbreaking studies have increased our understan- but much work still 
remains to be done. 'Ihis work takes a very basic approach, studying smgle crystals of the hydrate 
strubures. 

In addition to the basics of crystal growth, the main focus of this work is to study the &eds of 
addition of inhibitors to the systems. Thermodynamic inhibitors like methanol have traditionally been used 
to alleviate or avoid problems with hydrates in the oil and gas industry, but the use of these can have severe 
implications for economy, logistics and product quality. There has therefore bem a significant driving force 
towards tinding better inhibitors which will work at much lower concentrations. There are two main classes 
of these inhibitors: anti-domerants (emulsifying agmts) and kin& inhibitors (chemicals that interfere 
with the growth process of the hydrate crystals). We have studied thre of the best-known kinetic inhibitors 
in some &I. These are poly(vinylpyrro1idone) (PW), polfivinylcaprolaaam) (F'VCap) and a terpolymer 
of vinylpyrrolidone, vinyl caprolactam and dimethylaminoethylmethacrylate (VC-713) (Ledemos et al., 
1996). 

EXPERIMENTAL. PROCEDURES 
The growth cell used in our experimats is shown in Fig. 1. It consists of a transparent plexiglass 

cooling jacket for temperature control to within 0.1 K. Glass test tubes extad into this cooling chamber, 
and are filled with the experimental solution. The temperature is set to a predetermined level of 
supercooling and the solutions are left to equilibmte before proceeding. A rubber cap holds a thin glass 
p i p e  in the middle of the test tubes (open to the atmosphere at the top and to the experimental solution at 
the bottom). Crystal nucleation and initial growth is forced by inserting a cold wire into the pipem, creatjng 
a mommtarily large local supercooling as well as a nudeation surface. The nystal growul then progresses 
inside the pipette, and, more oilen than not, nicely defined slngle crystals emerge into the test solution when 
the growth reaches the tip of the pipette. The cooling chamber has several test tubes, mbling qui& 
transfer ofcrystals behueen uninhibited and inhibited solutions at the same temperature. 
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RESULTS 
Uninhibited crystal growth 

THF hydrate sn crystals g r w  from the melt (the stoichiometric solution) exhibit the (111) 
crystallographic planes, in the form of regular octahedra. One such crystal is shown in Fig. 2. Irregularities 
in form were somelimes observed, but at moderate supercooling (0-4 K) the (1 11) planes were always 
dominant. Higher supercooling resulted in skeletal crystals while still retaining the odahedral outline. Even 
higher supercooling ( >8 K) resulted in dendritic growth of the crystals. Over the supercooling range of 0-5 
K, the growth rate of these crystals was found to be exponmtial as a fundion of the supercoohg. 

Crystals of EO hydrate (SI) grown from the melt exhibit the ( 1  10) crystallographic planes, in the 
form of a dodecahedron with rhombic faces. This is the same shape as the common garnet. Fig. 3 shows 
one such crystal grown at a supercooling of 0.5 K. So far, no clear evidence of other crystallographic 
planes has been found for this system 

Crystal growth with inhibitors 
For the THF hydrates, substantial changes in growth habit is observed already at very low 

conmtrations of inhibitor in the system. For a supercooling of 1.4 K, concentdons lower than 0.1 wt% 
of PVP, PVCap or VC-713 all change the growth from octahedra to two-dimensional hexagonal plates. 
The large faces of these plates are still { 11 1 } planes, but some questions remain as to the orimtation of 
their thin edges. The orimtation of these planes is shown in Fig. 4, where an uninhibited oc€ahedral crystal 
was transferred to a solution with inhibitor. The planes grow off the edges of the existing crystal, or sprout 
fiom its body, but are always parallel to the hcets of the original crystal. 

At slightly higher wncentrations of the inhibitors PVCap and VC-713,fw$er crystal growth is 
inhibited completely. At a magnification of 5Ox, no growth of the crystal faces could be measured over a 
period of more than 24 hours. This phenommon is s e a  at concmtrations from 0.1 wtYo at 1.4 K 
supercooling for the best inhibitor polymers. The minimum wncmtration needed to achieve 1 1 1  inhibition 
depends strongly on the supercooling and to some degree also on the polymer type and molecular weight, as 
well as solution agitation. Fig. 5 shows one example of the dependence on supercooling. PVP does not 
produce complete inhibition, wen at concentrations as high as 5.0 wt%. 

To study the assumed adsorption of the polymers to the crystal surface, a set of experiments were 
conduad in which crystals which had been exposed to the no-growth solutions for periods ranging from 5 
minutes to several hours were transferred back to uninhibited solutions. None of these crystals showed any 
futher growth until at least 3 hours &r being transferred back, and then only from the vertices of the 
original crystals, or from the interface behveen the ctystals and the glass pip-. The new growth quickly 
grew throughout the tubes and obscured any further investigation ofthe surface ofthe original crystals. 

As mtrol experiments, several tests with known non-inhibitors were performed. Polyvinyl alcohol, 
urea, hydroxyethyldlulose and polyacrylamide show no impact on the growth habits of the sIl crystals at 
all. These chemicals were chosen because of their solubility in water, and in some cases for their similarity 
to the polymeric inhibitors in having a vinyl backbone and high hydrogen bondmg capability. 

EO hydrate clystals show an even more dramatic change of growth habit whm a small amount of 
inhibitor is added to the melt. Low mwntrations (0.1-0.2 wt%) produce rapid, small-scale brandung of 
the crystals, producing spherical globules with flimsy branches. This ef€& was obtained only with PVCap 
and VC-713. Further experiments in flat capillaries on a cooled bed under a microscope revealed that the 
brandung EO crystals are most likely still single crystals. At intennediate concmtration of inhibitor. when 
the branching had clearly started but were still visibly faceted, the individual branches were seen to 
preserve a constant crystallographic orimtation throughout (Fig. 6). 

The EO hydrate system is still under investigat~on concerning the possibility ofcomplete inhibition, 

!I 

t 

\\ 

I; 

i 
A 
I g. 

\ '  
i, ' 

I 

1 

I 

DISCUSSION 
Crystal growth planes which are exhibited macroscopically are the slowest growing planes (faster- 

growing planes grow out of existence). Studying molecular models of the SU hydrate, it is evident that the 
6-membered rings of the large cavities all lie in the ( 11 1) planes. This suggests a hypothesis for the normal 
growth habit, appealing to a presumed higher energy barrier against producing these rings compared to the 
5-membered rings. The H-bonds behvm water molecules are strained more from their natural angle in 
forming 6-manbemi rings than in forming 5-membered ones. We therefore believe this process is slower, 
and may result in the planes colltaining these rings being the slowest growing. This hypothesis is 
strmgthened when notmg that 5-membered rings sean to be naturally occming structures in water 
(Rahman and S W i ,  1973). This contrasts with Smelik and King (1996) who describe a mechanism 
where forming of the 512 cages is viewed as the controlling factor. Our hypothesis does not transfer directly 
to the SI hydrate, but a similar argument can be made about specific { 110) planes having a higher number 
of hexagonal rings per unit area (although not parallel to the plane) than e.g. the (100) or the (111) 
planes. No clear evidence for either ofthese hypotheses has been p r e s d  to date. 

The exponmtial shape of the curye for growth rate vs. supercoohg would indicate that the so- 
called Jackson a-factor is greater than 3 (Myerson, 1993), suggesting that the surface ofthe growing THF 
hydrate is molecularly smooth, and that the growth mechanism is creation and propagation of steps on the 
faces. We believe that surface nucleation is the most probable mechanism for this, as invoking screw 
dislocations as the dominating factor does not explain orimtation preference and homogeneity. However, in 
the very few cases where other planes than (11 1 )  are seen, screw dislocations on (111) might be invoked 
as an explanation for speeding these planes up and exhibitmg otherwise outgrown facets. 

We have no completely satisfymg explanation for the 2 -d immsid  growth at intermediate 
~~~centratiicms of inhibitor. The question is complicated by the fact that in some cases, the edges of these 
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plates have been ideaifid as also being ( 11 1 ), and this is puzzling, as it implies that some { 11 1) planes 
grow faster than others. Fundamentally there seems to be only two options to explain this, since just at an 
edge one expects the physical conditions in the liquid Comaining the crystal to be virtually identical on the 
two faces very close to their common edge. One possibility is an imperfection of some kind that stimulates 
growth on one of the faces (the thin edge), and the other is some kind of timedependent adsorption efFect 
for the inhibitor. 

The first of these explanations has some precedent in he &ect caused by stacking faults (van de 
Waal, 1996). Such faults would not be unexpected on the sU (111) planes. We do not rule out this 
mechanism, but we are skeptical of it because of the complete lack of macroscopic morphological evidence 
of such faults. The second possible explanation appeals to a mechanism where a fast-growing plane pushes 
aside the inhibitor as it grows, quickly mot& that the polymer can not reorient and fmd its st~dural fit 
and bond onto the leading surface. l l i s  phenomenon has some precedence also, in the effect of kinetic 
inhibitors on ice growth (Harrison et al., 1987). We do not fed  confident in choosing one of these 
explanations over the other at present, and may evmtually have to appeal to a combination of the two. The 
results indicate preferential adsorption on (1 1 l ) ,  but this question is not complaely resolved, as the 
crystals also only exhibit (1 1 1 )  in their uninhibited state. 

We believe that the complete growth inhibition is a result of polymer adsorption to the crystal 
surface, with the adsorbed molecules ading as barriers to furlher g r d .  When the concmtration is high 
mot&, polymer molecules will sit closer on the surface than twice the critical radius for crystal growth at 
the corresponding temperature, and the clystal will not be able to grow be twm the polymer strands. The 
adsorption process is fairly rapid, as no measurable growth takes place atter a crystal is transferred to an 
inhibited solution, and the minimum no-growth cmcmtration is probably close to the umcmtration needed 
at the surface, as the difkivity of the polymer is much lower than any other component in the systm. 
However, there has to be some time involved in diffusion and onmtation ofthe inhibitor, if the latter of  the 
above hypotheses for 2-dimmsional growth is physically correct. 

The tests with non-inhibitors show that it is not enough to have long molecules ading as difFusion 
barriers or molecules with a high capacity for H-bondmg. We think that the pendant groups of our 
polymers are important in achiwing strong adsorption. One possible explanation is that the pendants fit as 
pseudo-guest molecules in unfinished large cavities, with extra bin@ to the surface caused by H-bonds 
from the carbonyl groups on the pendants. There is some evidence from molecular simulations s d g  
that this might happen (Makcgon (1997), Carver et al. (1995)). The experiments where inhibited crystals 
were transferred back into uninhibited solutions, show that the adsorption is practically irreversible. Each 
pmdant p u p  or H-bonding site on its own probably shows equilibrium adsorption and desorption, bul in 
the case where numerous sites along a polymer chain are engaged in this process, desorption of some of 
them would have little influence on the overall molecule, and these sites would be kept close to their 
adsorption area, and could easily readsorb. For the atire polymer to desorb, all the adsorption sites would 
have to "let loose" at the same time, an event which is statistically unlikely after a certain numbs of 
adsorption points has been achieved for each molecule. When desorption and further growth was found to 
occur, it happened in areas where it is easy to imagine the polymer fit to be less than perfect: at the v d c e s  
and at the interface bemeen the crystal and the glass pipettes. 

The EO hydrates grown with inhibitor have not yet been studied in as much detail as the THF 
systan, but the preliminary results show some parallels to the SU hydrates. PVCap and VC-713 show 
differmt results than PVP, indicating that the difference in inhibition performance might be more 
fundamadal than just a differmce in degree of efFediveness. We believe that this is mainly due to the 
pendant group of PVP being smaller and not having the same stabilizing &ect to provide strong 
adsorption. The dramatic small-scale branching of the EO hydrate crystals with inhibitor is somRHhat 
similar to what is hown in the crystallographic literature as spherulitic growth. However, our experiments 
indicate that these crystals are still single with constant orieaatim throughola, whereas for 
spherulites, the orientation will be off by some degree for each new branch. We believe that this is a new 
phmommon, as we have not been able to tind repom of such growth in the literature, and remains a topic 
for firther investigation. ' 
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Figure 1 n e  experimental 4. Water or water-glycol mixtures are used as  coolant. The test tubes 
are -2.5 on outer diameter, screwcapped Pyrex glass. 

I 
Figure 2 Octahedral s II ( 11 1 } crystal of THF hydrate grown without any additives at AT= 3.4 K. 

Pipette end is approximately 2 mm across. 

Figure 3 Dodecahedral s I {110) crystal ofEO hydrate grown without any additives at AT= 0.5 K.  
p i p e  end is approximately 0.2 mm across. 
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Figure 4 THF hydrate crystal growing in solution with 0.25 wt% VC-713 atAT= 2 K. Original 
crystal outline is seen, with the induced 2-d plates sprouting fiom it. pipette md is 
approximately 2 mm across. 

vu%=0.667143 *(DeltaT) - 1.15333 

R-squand = 0.999182 
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Figure 5 Complete inhibition and its dependence on supercoohg. AT vs. concentration of inhibitor 
shows minimum concentration required to have complete inhibition of crystal growth. THF 
hydrates, sn. The inhibitor is a PVCap. 

Figure 6 EO SI crystal grown in capillary at AT= 0.5 K. m e d i a t e  concadration ofinhibitor 
between urdeded and highly branched crystal, 0.08 wt % PVCap. Note preservation of 
c r y ~ c g r a p h i c  orientation throughout. 
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